Background. Antiretroviral therapy (ART) medication errors can lead to drug resistance, treatment failure, and death. Prior research suggests that ART medication errors are on the rise in US hospitals. This analysis provides a current estimate of inpatient antiretroviral prescribing errors.
Inpatient medication errors and adverse drug events are common, costly, and may lead to significant patient injury and death [1] [2] [3] [4] [5] [6] [7] [8] [9] . Persons living with human immunodeficiency virus (HIV) (PLWH) are at increased risk of medication errors given their complex medication regimens, multiple comorbid conditions, and interactions with inpatient providers who lack experience with antiretroviral therapy (ART) [10] [11] [12] . ART medication errors may have serious long-term consequences, including the development of drug resistance, treatment failure, or death [13] .
Prior research suggests that ART medication errors are on the rise. In 1998, ART medication errors were detected in 12% of admissions, but by 2004-2007, the error rate had increased to 21%-26% of admissions [12, [14] [15] [16] . Since these studies were conducted, significant advances in ART and health information technology have occurred. Efavirenz, ritonavir-boosted atazanavir, ritonavir-boosted darunavir, and raltegravir are highly effective at decreasing HIV viral replication and have favorable side effect profiles and simple dosing schedules; thus, in combination with tenofovir and emtricitabine, these drugs are preferentially recommended for treatment naive patients by the Department of Health and Human Services Panel on Antiretroviral Guidelines for Adults and Adolescents [17] . Moreover, an increasing number of hospitals are using computerized provider order entry (CPOE) and clinical support tools, which have been touted as mechanisms for decreasing medication errors and improving patient safety [2, 18, 19] . However, recent data indicate that these technologies may facilitate certain types of medication errors [20] [21] [22] [23] .
The effect of improvements in HIV therapy and introduction of new technologies on ART medication errors is yet to be determined. As such, the goal of this analysis was to provide a current estimate of antiretroviral prescribing errors in the hospital setting, to evaluate the duration of ART medication errors, and to identify patient and hospital risk factors for these errors.
METHODS

Study Population and Setting
Since 1989, the Johns Hopkins HIV Clinical Cohort ( JHHCC) has offered enrollment to all patients who initiate longitudinal care at the Johns Hopkins Hospital HIV Clinic. All patients are approached to enroll in the cohort, and <1% of patients refuse [24] . As described elsewhere, technicians abstract comprehensive demographic, laboratory, medication, and health services utilization data from medical records and health system databases [24] . Maintenance of the database and use of its contents for analysis of patient outcomes are approved by the Institutional Review Board of the Johns Hopkins University School of Medicine. All adult HIVinfected patients (≥18 years old) enrolled in the JHHCC and with ≥1 hospitalization at the Johns Hopkins Hospital between 1 January and 31 December 2009 were eligible for inclusion in this study.
The Johns Hopkins Hospital is a 982-bed tertiary care teaching hospital located in Baltimore, Maryland. The hospital offers a wide range of inpatient medical services, including medicine, surgery, obstetrics and gynecology, neurology, psychiatry, and is one of only a few hospitals with a dedicated inpatient HIV/AIDS service. The HIV/AIDS service has a clinical pharmacist, but other services do not consistently include pharmacists on the rounding team. Monday through Friday, during medical rounds, the HIV/AIDS service pharmacist reviews all medications administered on the prior day for only those patients admitted to the HIV/AIDS service. In addition, inpatient ART regimens are reconciled with outpatient pharmacy records. If regimens are deemed suboptimal or inappropriate, primary care providers are notified by the inpatient team. In 2004, the Johns Hopkins Hospital implemented Eclipsys Sunrise Clinical Manager, a CPOE system. This system is equipped with a number of clinical support tools which alert providers to potential drug-drug interactions and calculate creatinine clearance at the time of order entry. However, the system does not flag incomplete antiretroviral regimens or identify ART medication dosing or scheduling errors.
Data Collection and Variables
For each patient, data collected include: demographics (age, sex, race/ethnicity, and HIV transmission risk factor), laboratory (measurement of CD4 T-cell count and HIV-1 RNA level within 90 days of each hospitalization and estimated glomerular filtration rate [GFR] at each hospitalization), inpatient utilization (admission date, discharge date, and admitting service for each hospitalization), and inpatient medications (name, dose, route, frequency, start date, and end date for all medications ordered on the first 2 days of each hospitalization). All data were abstracted from the JHHCC database, except for inpatient medication orders which were obtained from a comprehensive Johns Hopkins Hospital inpatient pharmacy and billing system.
Age was divided into 3 groups, 18-39, 40-49, and ≥50 years. Patients' race/ethnicity was categorized as white, black, or other. HIV transmission risk factors were grouped into men who have sex with men, heterosexual, injection drug use, and other or unknown. The CD4 T-cell and HIV-1 RNA laboratory values used in this analysis were the closest values obtained within 90 days of each hospitalization and categorized as ≤ or >200 cells/ mm 3 for CD4 T-cell counts and ≤ or >400 copies/mL for HIV-1 RNA levels. GFR was estimated at the time of hospitalization using the Modification of Diet in Renal Disease formula. Inpatient services were categorized as HIV/AIDS, other internal medicine and medical subspecialties, general surgery and surgical subspecialties, obstetrics and gynecology, and neurology/ psychiatry.
Identification of Medication Errors
We identified all eligible patients who received ART medication orders during hospitalization between 1 January and 31 December 2009. Two clinical pharmacists specializing in infectious diseases/HIV ( J. M. M., D. C.) divided and reviewed all medication orders on the first 2 days of hospitalization to identify ART medication and drug interaction errors, taking into account GFR. Errors were classified as (1) incomplete regimen, (2) incorrect dosage, (3) incorrect schedule, or (4) nonrecommended drug-drug combinations. The Supplementary Appendix describes the nonrecommended drug-drug combinations examined, based on "do not coadminister" or "contraindicated" recommendations made in the Department of Health and Human Services Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents [25] .
Data Analysis
Pearson's χ 2 test was used to determine whether hospitalized patients with or without ART prescriptions differed in demographic or clinical characteristics. For each hospital admission in which ART medications were ordered, we calculated the total number of errors on the first and second days of hospitalization. We evaluated the duration of errors by comparing the proportion of hospital admissions with errors on day 1 with that on day 2. Errors in dosage and schedule were further analyzed by antiretroviral drug class. Multivariable logistic regression models were fit to identify patient and hospital factors associated with the occurrence of any error on admission. The primary outcome variable was ART medication errors, defined as any error belonging to 1 of the 4 classes listed above. Independent variables included in the model were age, sex, race/ethnicity, HIV transmission risk factor, measurement of CD4 T-cell count and HIV-1 RNA level within 90 days of hospitalization, and admitting hospital service. In secondary models, we evaluate the additional effect of GFR on ART medication errors. Because the same patient could be hospitalized more than once throughout the year, data from different admission are not fully independent. In multivariate analyses, we therefore used generalizing estimating equations, with each patient as a cluster, independence working correlation, and robust standard errors, to deal with the correlation across admissions for individual patients [26] . All analyses were conducted with Stata software (version 11.2).
RESULTS
In 2009, 702 hospital admissions were identified among 388 HIV-infected patients. Of these, 380 admissions had ART medications prescribed on the first day of hospitalization (230 patients). Seventy-two admissions had a length of stay <24 hours, leaving 308 admissions with ART medication orders on the second hospital day (188 patients). The majority of hospitalized patients were male, ≥50 years of age, black, and had injection drug use as an HIV transmission risk. Twenty-seven percent of the sample had a CD4 T-cell count ≤200 cells/mm 3 within 90 days of hospitalization. Most patients were admitted to the HIV/AIDS service (64%), followed by other medical services (14%) and surgery (8%) ( Table 1) . As expected, a higher CD4 T-cell count and lower HIV-1 RNA level within 90 days of admission were associated with receipt of ART. A total of 145 ART medication errors in 110 hospital admissions (83 patients) were identified on the first hospital day (29% of eligible admissions) ( Table 2 ). The most common error was an incomplete regimen (58%), followed by incorrect dosage (38%), incorrect schedule (23%), and nonrecommended drug-drug combinations (13%). Analysis of dosing errors revealed that 70% occurred in protease inhibitors (PIs), and 30% involved nucleoside/nucleotide reversetranscriptase inhibitors (NRTIs). Errors in scheduling occurred mostly with PIs (61%); followed by NRTIs (26%) and nonnucleoside reverse-transcriptase inhibitors (NNRTIs) (13%) (Figure 1 ). Review of nonrecommended drug-drug interactions revealed that 46% involved the combination of fluticasone and ritonavir-boosted PIs, and the remaining 54% were equally divided between the combination of midazolam and PIs and the combination of proton pump inhibitors and atazanavir. On the second day of hospitalization, a total of 22 ART medication errors were identified in 21 hospital admissions (7% of eligible admissions) ( Table 2 ). Half of all errors were due to incorrect dosing, with the reminder caused by incorrect scheduling. PIs accounted for all scheduling errors and 73% of dosing errors (Figure 1 ). No incomplete regimens or nonrecommended drug-drug interactions were identified. Twelve of the 22 ART medication errors (55%) initially occurred on the first day of hospitalization and were not corrected by hospital day 2 (ie, persistent errors), whereas 10 errors (45%) initially occurred on the second day of hospitalization (ie, new errors). Among new errors, 70% were due to incorrect scheduling, whereas 67% of persistent errors were caused by incorrect dosing.
In multivariable analysis, no patient demographic or clinical characteristics were associated with an ART medication error on the first day of hospitalization. Compared with patients admitted to the HIV/AIDS service, those admitted to a surgical service were at increased risk of ART medication errors (adjusted odds ratio, 3.10; 95% confidence interval, 1.18-8.18). (Table 3 ) Among errors identified on the surgical service, medication omissions were the most common (45%). Adjusting for other variables, admission GFR was not associated with ART medication errors. Multivariable analysis of errors occurring on the second day of admission did not produce any significant associations.
DISCUSSION
This study demonstrated that ART medication errors are common among hospitalized patients with HIV infection in the first 24 hours of admission, but at our hospital are quickly corrected by the second day of hospitalization. Twenty-nine percent of hospitalizations had an antiretroviral prescription error on the first day of admission, which decreased to 7% by hospital day 2. This initial error rate is somewhat higher than that in previous studies, which estimated rates between 21% and 26% [12, 14] . Multiple factors could contribute to this high initial rate, including provider experience and adverse effects of CPOE, whereas review of medication orders by clinical pharmacists may account for the relatively short duration of prescription errors.
Improvements in ART and transformation of HIV from an acute illness to a chronic disease have considerable decreased use of inpatient services by PLWH. Between 2002 and 2007, hospitalization rates significantly declined, from 35 to 27 per 100 persons [27] . Consequently, inpatient providers today may be less likely to manage PLWH. Exposure to PLWH directly affects HIV knowledge. In a survey of 379 physicians caring for PLWH, Landen et al demonstrated that HIV caseload was significantly associated with HIV-specific knowledge [28] . Similarly, a multistate study of 1233 physicians examining choice of ART for HIV-infected patients noted that physicians with little or no previous HIV experience were less likely to choose ART consistent with current guidelines [29] . The importance of HIV experience, combined with decreasing exposure to HIV-infected patients, may be contributing to ART medication errors. Although many studies note that CPOE decreases medication errors [2, 18, 19] , in recent years a growing number of studies demonstrate that CPOE may actually contribute to medication errors [20] [21] [22] [23] . In a mixed qualitative and quantitative study of 261 CPOE users at a large tertiary-care teaching hospital, the CPOE system facilitated 22 types of medication errors. Those that may be highly relevant to hospitalized PLWH receiving ART include reliance on CPOE displays to determine the range of doses for infrequently used medications; loss of data, time, and focus when CPOE is nonfunctional; problems ordering off-formulary medications; and failure to provide medications after surgical or other procedures [20] . Hospitals should recognize both the advantages and disadvantages of CPOE and should actively strive to fix features that facilitate medication errors. Additional research is needed to determine the impact of CPOE implementation on ART medication errors.
The dominant errors identified in this study, incomplete regimen, incorrect dosage, and incorrect schedule, are consistent with previous findings in the literature [11, 12, 14, 15] . Unlike investigators in prior studies, we further divided errors by antiretroviral drug class, noting over both hospital days that 71%-73% of dosing and scheduling errors occurred in PIs. This is not unexpected, because popular NNRTI and NRTI drugs often have simple dosing schedules. Atripla (efavirenz/ tenofovir/emtricitabine), Truvada (emtricitabine/tenofovir disoproxil fumarate), and Epzicom (lamivudine/abacavir) are each dispensed as 1 tablet daily. In comparison, PIs are available in many different dosage forms and strengths, often requiring adjustment based on antiretroviral experience, PI mutations, drug-drug interactions, and drug schedule (ie, once vs twice daily) [25] . Furthermore, many PIs are dispensed twice daily. These data indicate that inpatient providers should be especially careful when entering medication orders for PIs, and pharmacists should be aware of the potential for medication errors when dispensing this particular drug class.
In this study, patients admitted to surgical services were at increased risk of ART medication errors on the first day of hospitalization, compared with those admitted to an HIV/ AIDS service. In an attempt to identify the underlying causes of ART medication errors, Synder et al interviewed providers who had committed errors [30] . Most errors were caused by a lack of expertise with prescribing antiretroviral medications, failure to reconcile home or transfer medications, poor or no written or verbal communication between providers, overlooking decision support software alerts, and/or lack of ownership for HIV therapy when treating patients' primary problem [30] . To overcome these obstacles, it would be advantageous for institutions to provide education and resources regarding ART, have clinical pharmacists review medications orders, and encourage consultation from infectious diseases practitioners when HIV-infected patients with complicated conditions are admitted to the hospital.
ART medication errors dramatically declined on the second day of hospitalization, which may be a consequence of clinical [14] . This time frame is consistent with our data. Furthermore, a recent study noted that a pharmacist-driven medication reconciliation process within 24 hours of admission was associated with a decrease in ART medication errors from 52% to 5% [33] . Although the involvement of clinical pharmacists in medication reconciliation may not be feasible at all hospitals, such programs should be considered in high-risk patient populations, including PLWH. There are several potential limitations to this analysis. It is based on data from a single large tertiary teaching hospital. Although our results may not generalize to all inpatient settings, they are likely applicable to many teaching hospitals. Only patients enrolled in the JHHCC were evaluated; we did not review records of hospitalized patients with HIV infection receiving care at outside institutions. Although we believe this number to be small, excluding these individuals may affect our results. We also focused our analysis on the first 2 days of hospitalization. It is possible that errors detected early in the admission may be corrected later in the hospital course, conversely new errors may arise as patients transfer between services, undergo surgical or other procedures, or are discharged. Analyses did not distinguish medication errors occurring in new ART prescriptions from those arising in continued therapy; differentiating between new and continuing ART prescriptions may help target future interventions. This study focused on prescribing errors, and did not evaluate dispensing and administration errors. As such, our results may underestimate the number of actual medication errors. In addition, we evaluated only antiretroviral-related nonrecommended drug-drug combinations, further studies are needed to evaluate other drug-drug interactions. We identified a large number of PLWH who were not prescribed ART in the first 24 hours of hospitalization; these may have included patients with newly diagnosed HIV infection, patients in whom ART was not prescribed by their outpatient provider, or patients who were not adherent to prescribed therapy. In addition, medical teams may have mistakenly not continued outpatient ART or intentionally withheld ART owing to particular medical or surgical conditions (eg, renal failure, drug toxicity, surgery). Further research is necessary to determine the reasons why these individuals were not receiving ART.
In summary, our findings confirmed that inpatient ART medication errors are common on the first day of hospitalization but are typically corrected within 48 hours. Incomplete regimens and errors in dosing were the most common errors, with patients admitted to surgical services at greatest risk. New interventions, both educational and technological, and clinical pharmacist coverage during evening and weekend hours are needed to safeguard patients and prevent the serious complications of antiretroviral medication errors especially during the first 24 hours of admission.
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